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White and brown adipose tissues (BATs), which store and burn lipids, respectively, play 
critical roles in energy homeostasis. Fibroblast growth factors (FGFs) are signaling pro- 
teins with diverse functions in development, metabolism, and neural function. Among 22 
FGFs, FGF1, FGF10, and FGF21 play roles as adipokines, adipocyte-secreted proteins, in 
the development and function of white and BATs. FGF1 is a critical transducer in white adi- 
pose tissue (WAT) remodeling. The peroxisome proliferator-activated receptor y-FGF1 axis 
is critical for energy homeostasis. FGF10 is essential for embryonic white adipocyte devel- 
opment. FGF21 activates BAT in response to cold exposure. FGF21 also stimulates the 
accumulation of brown-like cells in WAT during cold exposure and is an upstream effec- 
tor of adiponectin, which controls systemic energy metabolism. These findings provide 
new insights into the roles of FGF signaling in white and BATs and potential therapeutic 
strategies for metabolic disorders. 
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INTRODUCTION 

White adipose tissue (WAT), a lipid storage site, plays a critical role 
in energy homeostasis. Obesity, the excessive development of WAT, 
is a well-known risk factor for several diseases including diabetes, 
hypertension, and atherosclerosis (1, 2). Brown adipose tissue 
(BAT) burns lipids and dissipates chemical energy as protection 
against hypothermia and obesity (3). Therefore, understanding the 
molecular and cellular mechanisms of adipose tissue development 
and metabolism has become a priority. WAT is also a dynamic tis- 
sue that actively communicates by sending adipocyte-secreted pro- 
teins, adipokines, which act in an autocrine/paracrine or endocrine 
manner. This secretory function has been highlighted in relation 
to adipose tissue development, remodeling, and metabolism (1, 
2). Although BAT also produces adipokines, the endocrine roles 
of BAT are needed to determine by further research (4). 

Fibroblast growth factors (FGFs) are signaling proteins with 
diverse functions in development, metabolism, and neural func- 
tion. The FGF family comprises 22 members (5). Among these 
FGFs, FGF1, FGF10, and FGF21 have been shown to play roles 
as adipokines in WAT development, remodeling, and metabolism. 
FGF21 also activates BAT as an adipokine. These findings provide 
new insights into their roles in adipose tissues and provide poten- 
tial therapeutic strategies for obesity and metabolic disorders. A 
succinct review of the roles of FGFs as adipokines is provided in 
this article. 

THE FGF FAMILY 

Fibroblast growth factors are proteins with -150-300 amino acids 
and a conserved core of -120 amino acids (-30-60% identity). 
Phylogenetic analysis of the Fgf gene family identifies seven sub- 
families, indicating potential evolutionary relationships in this 
gene family. FGFs are also classified as intracrine, paracrine, 
and endocrine FGFs by their action mechanisms (Figure 1). 



Intracrine FGFs, which are not secreted extracellularly, play 
roles in the regulation of electrical excitability in neurons in 
an intracrine manner. Paracrine FGFs, secreted FGFs, mediate 
biological responses by binding to cell surface FGF receptors 
(FGFRs) with heparin/heparan sulfate as a cofactor, which is nec- 
essary for stable interactions with FGFRs and local signaling (5). 
Seven major FGFR proteins (FGFRs lb, lc, 2b, 2c, 3b, 3c, and 
4) with differing ligand-binding specificity are generated from 
Fgfrl, Fgfr2, Fgfr3, and Fgfr4 genes by alternative splicing. FGF 
binding to FGFRs induces the activation of four key intracellu- 
lar signaling pathways: RAS-RAF-MAPK, PI3K-AKT, STAT, and 
PLCy (6). Endocrine FGFs also mediate their biological responses 
in an FGFR-dependent manner. However, they do not require 
heparin/heparan sulfate, which enables endocrine FGFs to func- 
tion in an endocrine manner, a- and fi-Klotho, single-pass trans- 
membrane proteins with short cytoplasmic domains, are essential 
for endocrine FGF signaling as cofactors (5, 7). 

ADIPOKINES 

White adipose tissue mainly comprises adipocytes. Preadipocytes, 
adipocyte precursors cells, are also present in WAT. Adipogenesis 
is the differentiation of preadipocytes to adipocytes. Expansion of 
the adipose tissue mass is caused by a combination of size increases 
in the pre-existing adipocytes and adipogenesis. Some adipokines, 
adipocyte-secreted proteins including leptin and adiponectin play 
roles in the regulation of appetite, food intake, and energy home- 
ostasis in an endocrine manner. Other adipokines including 
tumor necrosis factor a and interleukin-6 play roles in adi- 
pose tissue remodeling, adipogenesis, and angiogenesis in an 
autocrine/paracrine manner (1, 2). Secreted adipokines includ- 
ing insulin-like growth factor 1 and interleukin-6 are produced in 
BAT in response to cold exposure (4). FGF1, FGF10, and FGF21 
also play roles as autocrine/paracrine adipokines in WAT or BAT. 
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FIGURE 1 | Evolutionary relationships within the Fgf gene family by 
phylogenetic analysis. Phylogenetic analysis shows that 22 Fgf genes can 
be arranged into seven subfamilies containing two to four members each. 
Branch lengths are proportional to the evolutionary distance between each 
gene (5). 



FGF1 

FGF1 is not a typical secreted protein and may be released from 
damaged cells or in an exocytotic mechanism. FGF1 mediates bio- 
logical responses by activating FGFRs. However, Fgfl knockout 
mice normally have no significant phenotype (5). 

Fgfl is highly induced in WAT by a high-fat diet. The nuclear 
receptor peroxisome proliferator-activated receptor y (PPARy) 
is the adipocyte master regulator and target of the thiazolidine- 
dione class of insulin sensitizing drugs (8). FGF1 induction is 
regulated by PPARy. Fgfl knockout mice develop an aggressive 
diabetic phenotype coupled to aberrant adipose expansion by a 
high-fat diet. In addition, they show multiple histopathologies in 
the vasculature network, an accentuated inflammatory response, 
and aberrant adipocyte size distribution. However, this inflamed 
adipose tissue fails to resolve properly, resulting in extensive white 
fat necrosis with the withdrawal of the high-fat diet (9). WAT 
remodeling in nutrient availability is essential to maintain meta- 
bolic homeostasis (10). These findings indicate that FGF1 is a 
critical transducer in WAT remodeling and that the PPARy-FGFl 
axis is critical for maintaining metabolic homeostasis and insulin 
sensitization. Although which FGFR mediates the FGF1 action 
remains unclear, the axis provides the therapeutic potential of 
FGF1 in potentially mediating insulin sensitization (Table SI in 
Supplementary Material) . 

FGF10 

FGF10 is a paracrine FGF, for which FGFR2b is a specific recep- 
tor. FgflO knockout mice die shortly after birth with impaired 
multi-organ formation, which indicates that FGF 10 is critical 



for multi-organ formation (5). Thus, its roles at postnatal stages 
remain unclear. FgflO is abundantly expressed in WAT, in which 
FgflO is particularly expressed by preadipocytes. WAT develop- 
ment with markedly less proliferative activity is greatly impaired 
in FgflO knockout mouse embryos. The Ras/MAPK pathway, acti- 
vated through FGFR2b by FGF10, is essential for its mitogenic 
activity in preadipocytes (Figure 2A) (11, 12). 

The retinoblastoma family proteins, pRb and pl30, are involved 
in the cell cycles of various cells. They bind to E2Fs in quiescent 
cells, leading to the repression of target genes involved in the cell 
cycle. When quiescent cells are stimulated to enter the cell cycle, 
retinoblastoma family proteins are subjected to cyclin-dependent 
phosphorylation to release E2Fs, which advance the cell cycle (13). 
Cyclin D2 expression and pi 30 phosphorylation are impaired in 
the WAT of FgflO knockout mouse embryos. FGF 10 stimulates 
cyclin D2 expression and pi 30 phosphorylation in cultured cells. 
Thus, FGF10 stimulates cell proliferation through the activation 
of FGFR2b and Ras/MAPK pathway, followed by the cyclin D2- 
dependent phosphorylation of pi 30 in WAT (Figure 2A) (Table 
SI in Supplementary Material) (14). 

Adipogenesis is the process by which preadipocytes differ- 
entiate into mature adipocytes. The CCAAT/enhancer binding 
protein a (C/EBPa) and PPARy are required for adipogenesis. 
Although Ppary expression is markedly decreased in the WAT of 
FgflO knockout mouse embryos, C/ebpa expression is essentially 
unchanged. Ppary expression is markedly reduced in the WAT 
of C/ebpa knockout mice. However, FgflO expression is essen- 
tially unchanged. In addition, FgflO and C/ebpa expression in the 
WAT of wild-type embryos is followed by Ppary expression (12). 
The number of pRb-positive cells is markedly decreased in the 
WAT of FgflO knockout mouse embryos, although pRb phospho- 
rylation is not inhibited (14). pRb knockout fibroblasts do not 
differentiate into adipocytes. In addition, pRb binds directly to 
C/EBPs and stimulates the activity of C/EBPs (15). Thus, FGF 10 
induces pRb production by activating FGFR2b and the Ras/MAPK 
pathway. pRb binds C/EBPa and induces the expression of Ppary, 
followed by the stimulation of adipogenesis (Figure 2A) (Table SI 
in Supplementary Material) (14). 

FGF21 

FGF21 mainly acts as a hepatic endocrine regulator, a hepatokine, 
in glucose and lipid metabolism. Hepatic Fgf21 expression is 
markedly induced in mice by fasting or a ketogenic diet. The results 
from experiments using Fgf21 transgenic mice and cultured cells 
demonstrate that FGF21 exerts pharmacological effects on glucose 
and lipid metabolism in hepatocytes and white adipocytes via cell 
surface FGFRs. Fgf21 transgenic mice are resistant to diet-induced 
obesity. Serum glucose levels are also reduced to near normal lev- 
els in both ob/ob and db/db mice by the administration of FGF21. 
These findings indicate that FGF21 plays a role in glucose metab- 
olism and has potential therapeutic effects on metabolic diseases. 
However, the results from experiments using Fgf21 knockout mice 
reveal that FGF21 inhibits lipolysis in white adipocytes during 
fasting and attenuates torpor induced by a ketogenic diet, but may 
be not a physiological regulator for these hepatic functions. These 
findings suggest that its pharmacological effects are distinct from 
its physiological roles (16, 17). 
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FIGURE 2 | Action mechanisms of FGF10 and FGF21. (A) FGF10 acts on 
white preadipocytes in an autocrine/paracrine manner. The possible 
mechanisms of FGF10-induced cell proliferation and adipogenesis in white 
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preadipocytes are shown (14). (B) FGF21 acts on white adipocytes in an 
autocrine/paracrine manner. The possible mechanism of FGF21-induced 
adiponectin production in white adipocytes is shown (25). 



Brown adipose tissue expresses FGFRlc and P-Klotho, a strong 
candidate receptor and co-receptor for FGF21 signaling, respec- 
tively. Exogenous FGF21 activates BAT (18). Cold exposure 
also activates ^-adrenergic receptors on brown adipocytes. This 
process induces mitochondrial uncoupling protein 1 (UCP1), 
which releases chemical energy as heat by uncoupling oxidative 
phosphorylation. The induction of co-activator PGC-la by cold 
exposure induces Ucpl expression (3). In addition to secreted 
adipokines including insulin-like growth factor 1 and interleukin- 
6, which are produced in BAT in response to cold exposure (4), 
FGF21 is also synthesized in BAT in response to cold exposure. 
These findings indicate that FGF21 activates BAT as an adipokine 
in an autocrine/paracrine manner (Table SI in Supplementary 
Material) (19). 

In addition to BAT, UCP1 -positive, brown fat-like cells can 
emerge in WAT with prolonged cold exposure (20). The marked 
accumulation of brown-like cells can be found most readily in sub- 
cutaneous WAT. This process is characterized by the appearance 
of UCP1 -positive, multilocular adipocytes. WAT also expresses 
Fgf21, Fgfrlc, and fi-Klotho (18). Fgftl knockout mice display 
an impaired ability to adapt to chronic cold exposure, with 
the diminished browning of WAT. FGF21 produced in WAT 
increases the expression of Ucpl and other thermogenic genes 
in an autocrine/paracrine manner. FGF21 regulates this process, 
at least in part, by enhancing adipose tissue PGC-la protein lev- 
els. These findings indicate that FGF21 activates the thermogenic 
machinery to provide a robust defense against hypothermia (Table 
SI in Supplementary Material) (21). 

In WAT, FGF21, which forms a feed-forward loop with PPARy, 
mediates the metabolic benefits of PPARy on glucose homeosta- 
sis and insulin sensitivity in an autocrine/paracrine manner (22). 
In lipodystrophic mice with less WAT, systemic FGF2 1 administra- 
tion is not effective in decreasing blood glucose levels or increasing 



insulin sensitivity. However, FGF2 1 is effective after the transplan- 
tation of WAT into these mice (23). These findings indicate that 
WAT is a predominant site conferring the antidiabetic activities 
of FGF21. 

Adiponectin has many functional similarities to FGF21. 
Adiponectin as an adipokine controls systemic glucose and lipid 
homeostasis in the liver and skeletal muscle in an endocrine 
manner. Furthermore, adiponectin is a downstream effector of 
PPARy and an essential mediator for many therapeutic bene- 
fits of the PPARy agonists TZDs, including insulin sensitization 
and vascular protection (24). FGF21 enhances both the expres- 
sion and secretion of adiponectin in white adipocytes and serum 
levels of adiponectin in mice. Adiponectin knockout mice are 
refractory to several therapeutic benefits of FGF21. Further- 
more, the effects of FGF21 on the attenuation of obesity- induced 
impairments in insulin signaling in the liver and skeletal mus- 
cle are abrogated in adiponectin knockout mice. However, the 
FGF21 -mediated activation of ERK1/ERK2 in WAT remains unaf- 
fected in adiponectin knockout mice. These findings indicate that 
adiponectin couples FGF21 actions as a downstream effector of 
FGF21 in white adipocytes and mediates the systemic effects 
of FGF21 on energy metabolism and insulin sensitivity in the 
liver and skeletal muscle (Figure 2B) (Table SI in Supplementary 
Material) (25, 26). 

Insulin resistance arises from the aberrant accumulation 
of intracellular lipids, including the sphingolipid ceramide, in 
insulin-responsive tissues. FGF21 stimulates adiponectin secre- 
tion and diminishes the accumulation of ceramides in obese 
animals. Adiponectin knockout mice are refractory to changes 
in energy expenditure and the ceramide-lowering effects evoked 
by FGF21 administration (26). These findings indicate that an 
FGF21-adiponectin-ceramide axis controls energy expenditure 
and insulin action. 
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CONCLUSION 

Although WAT and BAT store and burn lipids, respectively, they 
are also dynamic tissues that actively communicates by sending 
different types of adipokines, which mainly play roles in energy 
homeostasis. FGFs are signaling proteins with diverse functions 
in development, metabolism, and neural function. In addition, 
FGF1, FGF10, and FGF21 have been shown to be adipokines with 
crucial roles in WAT or BAT functions, suggesting new roles for 
FGFs and potential therapeutic strategies for metabolic disorders. 

SUPPLEMENTARY MATERIAL 

The Supplementary Material for this article can be found online 
at http://www.frontiersin.org/Journal/ 10.3389/fendo.20 14.000 1 8/ 
abstract 

REFERENCES 

1. Wang P, Mariman E, Renes J, Keijer J. The secretory function of adipocytes 
in the physiology of white adipose tissue. / Cell Physiol (2008) 216:3-13. 
doi:10.1002/jcp.21386 

2. Galic S, Oakhill JS, Steinberg GR. Adipose tissue as an endocrine organ. Mol Cell 
Endocrinol (2010) 316:129-39. doi:10.1016/j.mce.2009.08.018 

3. Cannon B, Nedergaard J. Brown adipose tissue: function and physiological sig- 
nificance. PhysiolRev (2004) 84:277-359. doi:10.1152/physrev.00015.2003 

4. Villarroya J, Cereijo R, Villarroya F, An endocrine role for brown adipose tis- 
sue? Am J Physiol Endocrinol Metab (2013) 305:E567-72. doi:10.1152/ajpendo. 
00250.2013 

5. Itoh N, Ornitz DM. Fibroblast growth factors: from molecular evolution to 
roles in development, metabolism and disease. J Biochem (2011) 149:121-30. 
doi:10.1093/jb/mvql21 

6. Beenken A, Mohammadi M. The FGF family: biology, pathophysiology and 
therapy. Nat Rev Drug Discov (2009) 8:235-53. doi:10.1038/nrd2792 

7. Itoh N. Hormone-like (endocrine) Fgfs: their evolutionary history and roles 
in development, metabolism, and disease. Cell Tissue Res (2010) 342:1-11. 
doi: 10. 1007/s00441 - 010-1 024- 2 

8. Tontonoz P, Spiegelman BM. Fat and beyond: the diverse biology of 
PPARgamma. Annu Rev Biochem (2008) 77:289-312. doi:10.1146/annurev. 
biochem.77.061307.091829 

9. Jonker JW, Suh JM, Atkins AR, Ahmadian M, Li P, Whyte J, et al. A PPARy-FGF 1 
axis is required for adaptive adipose remodelling and metabolic homeostasis. 
Nature (2012) 485:391-4. doi:10.1038/naturel0998 

10. Sun K, Kusminski CM, Scherer PE. Adipose tissue remodeling and obesity. / Clin 
Invest (2011) 121:2094-101. doi:10.1172/JCI45887 

1 1 . Sakaue H, Konishi M, Ogawa W, Asaki T, Mori T, Yamasaki M, et al. Requirement 
of fibroblast growth factor 10 in development of white adipose tissue. Genes Dev 
(2002) 16:908-12. doi:10.1101/gad.983202 

12. Asaki T, Konishi M, Miyake A, Kato S, Tomizawa M, Itoh N. Roles of fibroblast 
growth factor 10 (FgflO) in adipogenesis in vivo. Mol Cell Endocrinol (2004) 
218:119-28. doi:10.1016/j.mce.2003. 12.017 

13. Claudio PP, Tonini T, Giordano A. The retinoblastoma family: twins or distant 
cousins? GenomeBiol (2002) 3:3012. doi:10.1186/gb-2002-3-9-reviews3012 

14. Konishi M, Asaki T, Koike N, Miwa H, Miyake A, Itoh N. Role of FgflO in 
cell proliferation in white adipose tissue. Mol Cell Endocrinol (2006) 249:71-7. 
doi:10.1016/j.mce.2006.01.010 



15. Classon M, Kennedy BK, Mulloy R, Harlow E. Opposing roles of pRb and pl07 
in adipocyte differentiation. Proc Natl Acad Sci USA (2000) 97:10826-31. 
doi:10.1073/pnas.l90343597 

16. Murata Y, Konishi M, Itoh N. FGF21 as an endocrine regulator in lipid metabo- 
lism: from molecular evolution to physiology and pathophysiology. JNutrMetab 

(2011) 2011:981315. doi:10.1155/2011/981315 

17. Long YC, Kharitonenkov A. Hormone-like fibroblast growth factors and meta- 
bolic regulation. BiochimBiophysActa (2011) 1812:791-5. doi:10.1016/j.bbadis. 
2011.04.002 

18. Fisher FM, Estall JL, Adams AC, Antonellis PJ, Bina HA, Flier JS, et al. Integrated 
regulation of hepatic metabolism by fibroblast growth factor 2 1 (FGF2 1 ) in vivo. 
Endocrinology (2011) 152:2996-3004. doi:10.1210/en.2011-0281 

19. Hondares E, Iglesias R, Giralt A, Gonzalez FJ, Giralt M, Mampel T, et al. Thermo- 
genic activation induces FGF21 expression and release in brown adipose tissue. 
JBiol Chem (2011)286:12983-90. doi:10.1074/jbc.M110.215889 

20. Barbatelli G, Murano I, Madsen L, Hao Q, Jimenez M, Kristiansen K, et al. The 
emergence of cold-induced brown adipocytes in mouse white fat depots is deter- 
mined predominantly by white to brown adipocyte transdifferentiation. Am 
J Physiol Endocrinol Metab (2010) 298:E1244-53. doi:10.1152/ajpendo.00600. 
2009 

21. Fisher FM, Kleiner S, Douris N, Fox EC, Mepani RJ, Verdeguer F, et al. FGF21 
regulates PGC-la and browning of white adipose tissues in adaptive thermoge- 
nesis. GenesDev (2012) 26:271-81. doi:10.1101/gad.l77857.111 

22. Dutchak PA, Katafuchi T, Bookout AL, Choi JH, Yu RT, Mangelsdorf DJ, et al. 
Fibroblast growth factor-2 1 regulates PPARy activity and the antidiabetic actions 
of thiazolidinediones. Cell (2012) 148:556-67. doi:10.1016/j.cell.2011. 11.062 

23. Veniant MM, Hale C, Helmering J, Chen MM, Stanislaus S, Busby J, et al. FGF21 
promotes metabolic homeostasis via white adipose and leptin in mice. PLoS One 

(2012) 7:e40164. doi:10.1371/journal.pone.0040164 

24. Kadowaki T, Yamauchi T, Kubota N, Hara K, Ueki K, Tobe K, et al. Adiponectin 
and adiponectin receptors in insulin resistance, diabetes, and the metabolic syn- 
drome. / Clin Invest (2006) 116:1784-92. doi:10.1172/JCI29126 

25. Lin Z, Tian H, Lam KS, Lin S, Hoo RC, Konishi M, et al. Adiponectin mediates 
the metabolic effects of FGF2 1 on glucose homeostasis and insulin sensitivity in 
mice. CellMetab (2013) 17:779-89. doi:10.1016/j.cmet.2013.04.005 

26. Holland WL, Adams AC, Brozinick JT, Bui HH, Miyauchi Y, Kusminski CM, et al. 
An FGF21-adiponectin-ceramide axis controls energy expenditure and insulin 
action in mice. CellMetab (2013) 17:790-7. doi:10.1016/j.cmet.2013.03.019 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 28 November 2013; accepted: 10 February 2014; published online: 24 
February 2014. 

Citation: Ohta H and Itoh N (2014) Roles of FGFs as adipokines in adipose 
tissue development, remodeling, and metabolism. Front. Endocrinol. 5:18. doi: 
1 0.3389/fendo.201 4. 0001 8 

This article was submitted to Diabetes, a section of the journal Frontiers in 
Endocrinology. 

Copyright © 2014 Ohta and Itoh. This is an open-access article distributed under the 
terms of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance with 
accepted academic practice. No use, distribution or reproduction is permitted which 
does not comply with these terms. 



Frontiers in Endocrinology | Diabetes 



February 2014 | Volume 5 | Article 18 | 4 



